Background We compared direct and daily cumulative energy expenditure (EE) differences associated with reallocating sedentary time to physical activity in adults for meaningful EE changes.
Background
Sedentary behaviours are increasingly ubiquitous in today's society, with the average person spending more than half of their waking day expending little energy (≤1.5 resting metabolic equivalents [METs] ) in sitting or reclining postures. 1, 2 Mounting evidence suggests that prolonged sedentary time (i.e. too much sitting) can increase an adult's risk for cardiometabolic diseases and mortality independent of moderate to vigorous physical activity (MVPA).
3 Accordingly, sedentary lifestyles are recognized as a distinct public health concern. 4 Since sedentary behaviours are associated with low energy expenditure (EE), it may be beneficial to focus on interrupting or reallocating sedentary time to increase EE. For example, postural changes when transitioning from a sedentary state to a light-intensity physical activity (LIPA) such as standing elicits musculoskeletal changes that influence metabolic health benefits 5 and may increase EE. However, it is still unclear from existing evidence whether one method of time-reallocation to increase cumulative caloric expenditures (e.g. sedentary time to LIPA) is superior to another (e.g. sedentary time to MVPA). Based on the FITT principle, the former would presumably require a longer time commitment consisting of lower workload intensity, while the latter may allow for shorter time commitments, but would require greater effort and higher workload intensities. 6 Studies examining the reallocation of sedentary behaviours to LIPA and/or MVPA have increasingly used isotemporal substitution modeling. 7, 8 However, conclusions based on this approach can be confusing as they utilize cross-sectional study designs and not a true temporal substitution. In addition, they focus on associations with long-term health risks such as mortality, of which the risks may be difficult to delineate from other potential confounding factors. Alternatively, determining the cumulative EE benefits of reallocating sedentary time to physical activity over a waking day helps to answer the more relevant causal and public health question of how to spend our sedentary time for immediate health benefits. The objectives of this systematic review and meta-analysis were to first, compare the direct EE differences reported by interventions where sedentary time was reallocated to physical activity and second, to evaluate the daily cumulative EE differences (EE scaled and compared over a waking day) associated with these interventions. We hypothesized that LIPA-based interventions, by reallocating a greater daily duration of sedentary time, will result in greater cumulative EE than those interventions reallocating to MVPA alone.
Methods Electronic data sources and searches
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were followed. 9 The Medline literature search strategy was designed in consultation with a research librarian, utilizing the PICO method (see Supplementary Table 1) . Adapting the subject headings as necessary, each of the following medical databases were searched from inception to March 2017: Medline (Ovid), PubMed (excluding Medline records), Embase, CINAHL, PsycINFO, the Cochrane Central Register of Controlled Clinical Trials and the Cochrane Database of Systematic Reviews. Duplicate records were removed prior to applying the inclusion/exclusion criteria.
The aim of the search strategy was to extract peerreviewed studies and/or abstracts providing adequate data on the effect of physical activity interventions on sedentary behaviour with outcomes related to EE or metabolic health in adults. Studies conducted in free-living or controlled conditions were both considered. No restrictions were placed on search results with respect to publication year, length of follow-up, population, geographic origin, outcome measurement or language, but minor publication types and non-peer reviewed articles ('grey' literature, newspaper articles, personal narratives, legal cases, etc.) were excluded to maximize the comparison of studies with suitable methodological quality. Reference lists were manually examined to supplement the electronic searches.
Study selection
Eligible studies included were randomized and non-randomized intervention investigations (trials and observational studies) that assessed adult populations (aged ≥18 years), with sedentary time and a measure of EE (and broadly as metabolic health) as an outcome. Two authors independently screened study titles and abstracts for inclusion. We operationally distinguished sedentary behaviours as a distinct class of waking activity characterized by low EE (≤1.5 METs) in a sitting or reclined position 1 and excluded studies that defined sedentary behaviour as a category of physical activity or as inadequate physical activity. 10 LIPA was predefined as activities such as standing and walking at a pace of 1.7-2.5 miles per hour (1.6-2.9 METs); MVPA was predefined as activities such as calisthenics, bicycling, walking at a pace greater than 3 miles per hour, or jogging (≥3 METs).
11
Data extraction and quality assessment Data were extracted from all studies that were flagged for review by at least one author. Details of individual studies were collected and characterized on the basis of authors and year of publication; study design; sample size and characteristics; data collection methods (exposure and outcome), follow-up length, attrition and mean differences. Included studies were assessed for risk of bias using the criteria outlined by the National Heart Lung and Blood Institute's Controlled Intervention Studies and the Observational Cohort Quality Assessment Tools.
12 These tools were selected over others given their ability to assess the internal validity of a range of observational and interventional study designs. Two authors independently assessed articles for quality and any scoring inconsistencies were discussed with an additional reviewer. An intra-class correlation coefficient of 0.92 [95% CI: 0.82-0.97] indicated excellent reviewer agreement during the scoring process.
Data synthesis and analysis
All included studies were qualitatively analyzed to directly compare mean differences in equivalent EE associated with reallocating sedentary time to physical activity. Studies with comparable outcome data were quantitatively analyzed by meta-analysis, where standardized mean differences (SMD) were used to estimate pooled EE effect sizes. Efforts were made to contact study authors when suitable data were not reported or available (four authors provided additional unpublished data from eight contacted). Statistical heterogeneity was assessed using Cochran's Q statistic and the I 2 statistic of the proportion of total variation because of heterogeneity. 13 An I 2 value of 25-50% indicated a low degree of heterogeneity, 50-75% a moderate degree of heterogeneity and more than 75% a high degree of heterogeneity. If a small number of studies were available for metaanalysis or we saw substantial heterogeneity, we considered a Knapp-Hartung modified random-effects model to yield more conservative effects.
14 For the summary estimate, we considered a P < 0.05 as statistically significant. We graphically explored the potential for small study effects such as publication bias using Egger test of asymmetry of funnel plots and quantitatively by the Egger linear regression method. 15 The meta-analyses and the generation of forest plots were conducted using Comprehensive Meta-analysis, version 2 (Biostat), and the R statistical software (R Foundation for Statistical Computing). 16, 17 For our second objective, we compared the EE of interventions by their daily duration of exertion (cumulative EE). We found several LIPA intervention studies were conducted over short trial periods to detect direct rather than EE accumulated over a day. In this case, we calculated projected estimations by extrapolating the direct EE (in kcal/h) over a 12-h period (to standardize the typical duration of a waking day). This method and time frame has been used in other studies extrapolating EE and other outcomes over a waking day. 18, 19 Subgroup analysis was explored using meta-regression ('method of moments' random-effects model) to investigate whether associations with EE varied according to sex, acute (<1 day) vs. long duration studies (>1 day), risk of bias, and measures of EE (e.g. indirect calorimetry vs. accelerometer). 20 To assess the robustness of our findings, we also examined the effect of individual studies on pooled effect estimates.
Results
A total of 34 842 studies were identified through database searching (PubMed [excluding Medline]: 2 809; Medline: 11 899; EMBASE: 13 728; CINAHL: 721; PsycINFO: 2 655; the Cochrane Central Register of Controlled Trials: 3006, and the Cochrane Database of Systematic Reviews databases: 204) and 52 were added after hand searching intext citations (Fig. 1 ). In total, 26 studies (949 participants) were qualitatively analyzed, of which, 24 studies (869 participants) were included in the meta-analysis.
Study characteristics
The risk of bias of the included studies and an overview of study characteristics are summarized in Supplementary Table 2 . Overall, 10 studies had a high risk of bias, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 12 had a moderate risk of bias, 18, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and 4 studies had low risk of bias. [42] [43] [44] [45] Four studies were randomized controlled trials 21, 27, 38, 42 ; 20 were randomized and non-randomized crossover trials with three to five treatment conditions 18, [22] [23] [24] 26, [28] [29] [30] [31] [33] [34] [35] [36] [37] 39, 41, [43] [44] [45] [46] ; and the remaining two studies utilized repeated-measures or quasi-experimental study designs. 25, 32 Studies were all conducted in the high-income countries of the United States, Australia, New Zealand, United Kingdom, Canada, Spain and The Netherlands. The majority of studies (n = 15) utilized objective measurement methods to assess sedentary time and physical activity (by accelerometer and/or inclinometer devices) and objective methods to assess EE via indirect calorimetric and accelerometer estimates (n = 25). A total of 20 studies featured conditions where the focus was on limiting and/or replacing bouts of sedentary time with LIPA (LIPA interventions) 21, 23, 24, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 45 ; 10 studies featured conditions where sedentary time was replaced with MVPA (MVPA interventions) 18, 23, 26, 29, 33, [35] [36] [37] 41, 42, 45 ; and four studies featured a combination of both (LIPA and MVPA interventions). 23, 27, 35, 43 The majority of studies were conducted over a short duration (<1 week), with five studies conducted from 5 weeks to 24 months.
Publication bias and heterogeneity
There was significant publication bias among studies utilizing LIPA (Egger's regression intercept, 7.30 [P = 0.020]) and MVPA (Egger's regression intercept, 6.24 [P = 0.003]), while combined LIPA and MVPA studies were found to have nonsignificant, moderate publication bias (Egger's regression intercept, 4.66 [P = 0.834]). As per Higgins and Thompson's 13 classification, heterogeneity within LIPA, MVPA and LIPA and MVPA interventions was found to be high (Fig. 2) . Figure 2 A subgroup analysis using meta-regression (Table 2) showed that estimates of EE significantly varied by sex for reallocation to LIPA, and MVPA; by study duration for reallocation to MVPA; and by measure of EE for reallocation to LIPA. No variations were found when comparing study quality.
Effect of sedentary interventions on EE

Discussion Main findings of this study
Interventions reallocating sedentary time to LIPA, MVPA or LIPA and MVPA increased EE in adults. When examined over a waking day, LIPA interventions required 6-9 h of sedentary time to generate an equivalent EE of 1 h of MVPA. While combined LIPA and MVPA interventions were expected to yield the greatest cumulative EE, reported yields were found to be similar to LIPA, which may be a result of the few studies available for comparison.
What is already known on this topic
Previous reviews have largely evaluated sedentary interventions on their success in modifying sedentary time. 47, 48 However, changes in sedentary time might reflect an individual's motivation in engaging in lifestyle behaviours and provides little information on an individual's daily activity patterns. Alternatively, daily cumulative EE provides a useful measure to compare the effect of displacing sedentary time over a day. As chronic diseases can take years to develop it is difficult to mechanistically link a transition of reduced activity to actual chronic disease risk. As more clinical studies are needed to elucidate the true pathways by which sedentary behaviours affect health, various mechanisms have been postulated such as influencing markers of inflammation. 49 However, a comparison by EE offers a plausible outcome to interpret musculoskeletal contractions when breaking up sedentary time that evidence has shown can have an important role in modifying adiposity, insulin resistance and other disease risk markers. 50, 51 What this study adds This review highlights the significance of focusing on increasing MVPA, particularly when transitioning between sedentary states and LIPA (in the form of bouts over the course of a day) can be difficult to adhere to. While Prince and colleagues had found MVPA interventions to be less effective at reducing sedentary time than interventions focused on sedentary time avoidance, they also found that MVPA was a more likely target for sedentary time reallocation. 47 MVPA promotion has largely involved the targeting of controlled motivational processes such as intentions or self-efficacy, and engaging in sedentary behaviours are due ENERGY BENEFITS OF REALLOCATING SEDENTARY TIME to unconscious habits formed by environmental and behavioural cues. 52 Increasing physical activity at any intensity is challenging with respect to physical and cognitive effort, and despite continuing efforts to increase MVPA and more recently LIPA levels, the global prevalence of populations achieving recommended MVPA and sedentary time levels remains suboptimal. 53, 54 As such, more research is still needed in order to learn how best to engage more individuals in regular MVPA and to overcome the subconscious decisions that lead to sedentary behaviours. The effort and burden required to combine both spectrums of physical activity may partly explain the lower direct EE found in the few studies that evaluated combined LIPA and MVPA interventions. Interventions seeking to reallocate time to MVPA or LIPA may require separate and distinctive behavioural strategies in order for participants to adhere to them.
This review has important public health and research implications. It is expected that replacing sedentary time with short periods of MVPA and frequent intervals of LIPA will yield the greatest cumulative EE. However, such interventions can be the most challenging to maintain as increasing activity participation poses many barriers to adherence such as motivation, cost, time and a built environment that may not always be facilitative. 55 Thus, successful interventions are likely to be personalized to the individual. We found that similar EE can be achieved by different strategies, and a singular focus on promoting MVPA might be effective for individuals for whom a combined cointervention has proven to be a challenge. Furthermore, being adherent to MVPA alone confers important health benefits, including cardiopulmonary fitness which is one of the most important modifiable prognostic determinants of health. 56, 57 In contrast, those unable to meet MVPA recommendations, older individuals and those with mobility limitations who are among the most sedentary and physically inactive populations, may benefit greatly from the lower workload and effort required to perform LIPA. As research in this area continues to progress, a focus on evaluating the feasibility of implementing MVPA and LIPA co-interventions can be an important step in reducing the health risks of sedentary behaviour and physical inactivity. However, the controlled conditions in which the majority of the reviewed interventions have been designed (such as randomized controlled/crossover trials) may not sufficiently determine the practicality of such interventions over an individual's typical day and in the long-term. As such, high-quality intervention studies that determine the outcome benefits and behavioural preferences for individuals in their natural environment are necessary.
Limitations of this study
Some limitations should be considered when interpreting these findings. First, associations with specific health outcomes were not assessed given the challenges of attributing changes to sedentary behaviours. Nonetheless, our findings are consistent with a recent harmonized meta-analysis attributing increases in MVPA with reduced mortality risk. 58 Second, cumulative estimates for combined LIPA and MVPA interventions were based on single study estimates and are likely to be imprecise. As advocacy towards combining exercise with LIPA builds, 59 it is hoped that these estimates can be better refined with greater study of the effectiveness of combined interventions. Third, we found several studies had examined EE within short follow-up durations. While it would be ideal to compare all interventions by their cumulative effects over a day or in natural conditions, protocoldriven and controlled assessments are likely to generalize hourly and cumulative EE. 20 Fourth, we did not further categorize EE differences between standing and low-pace walking as they were both within the commonly accepted operational definition of LIPA. Therefore, differences in cumulative EE may be attributed to activity type. As both standing and low-pace walking are likely to require different behaviours and yield different amounts of energy expended, further analysis across forms of LIPA is required. Fifth, as our meta-regression found and other reviews have reported, 47, 48, 60 the large degree of study heterogeneity in the quantitative analysis may be attributed to the small sample sizes, study-by-study differences by sex, study duration and outcome measurement among the interventions reviewed. Such heterogeneity, while limiting interpretability, also reveals the need for better-designed interventional studies that clearly elucidate the effectiveness of sedentary behaviour interventions.
In conclusion, while a combination of LIPA and MVPA are expected to produce the greatest cumulative EE benefits in adults, our systematic review suggests that similar EE can be achieved by reallocating sedentary time to MVPA over a shorter duration of time. These findings reaffirm the need for individualized interventions and provide reassurance that similar EE can be achieved through different intervention strategies.
Supplementary data
Supplementary data are available at Journal of Public Health online.
